propane-formaldehyde-primary amines. This approach allowed the authors to obtain a series of novel functionalized 1,9-di(aralkyl)-3,7,11,15-tetramesityl-1,9-diaza-3,7,11,15- ,9-ди(аралкил)-3,7,11,15-тетрамезитил-1,9-диаза-3,7,11,15-тетрафосфациклогексадеканов Ключевые слова: Макроцикл, фосфин, коранд, ковалентная самосборка.
Синтез новых примеров корандов с 16 -членным P,N -содержащим основным кольцом

Introduction
An ability of macrocycles to be highly selective receptors (host molecules) for a number of metal and organic cations or anions, as well as for the small or even huge (e.g. fullerenes) neutral organic substances is the reason of the interest to these compounds. [1] [2] [3] [4] So, macrocyclic chemistry plays an important role in the material science, especially in the construction of nano-sized materials on the ''bottom-up'' principles. [1, 2, [5] [6] [7] Incorporation of phosphorus atoms into the macrocyclic skeleton should lead to the specific properties of the discussed molecules. First of all P III donor centers are soft in contrast with the hard O and N counterparts, that is why the specific coordination ability to the soft metal ions should appear. The well-known ability of P III species to form transition metal based catalysts of various organic reactions should be modified by additional bonding of metal centers or organic substrates with macrocycle fragments via dative or weak interactions. In addition the specific reactivity and the structural variability of phosphorus could be utilized for the additional functionalization of the macrocyclic objects or for the rational design of macrocyclic molecular devices. [8, 9] However, there are some noticeable problems concerning the availability of P-based macrocycles. Along with the known instability of phosphines (the most intriguing class of ligands) to oxidation the cyclic compounds containing two or more phosphorus atoms are usually obtained as a mixture of stereoisomers due to the high inversion barrier of P III and these mixtures require the separation in order to obtain the individual macrocycles. So, the availability of the P-containing macrocyclic compounds is one of the key points for their use in the fields of catalysis, supramolecular chemistry and nanomaterials. At the present time three main strategies for the macrocyclic synthesis may be identified: 1) macrocyclization under high-dilution conditions; 2) template synthesis of macrocycles; 3) covalent self-assembly of macrocycles. The last approach, namely the covalent selfassembly of macrocycles, has been formed recently. The distinctive feature of the covalent self-assembly processes is their ability of the self-correction, when the ''incorrect'' intermediate or product is able to decompose into starting compounds due to the reversibility of the reaction. These compounds react further to give more thermodynamically stable ''correct'' combination. The self-correction is a reason of the high selectivity of the covalent self-assembly processes. [10] [11] [12] The indication of self-assembly phenomenon is the high yield of macrocycles and the regio-and stereoselectivity of their formation in the course of the reversible reaction (often at elevated temperature) between two or more initial molecules (at least one of them must possess spatially divided functional groups) under conditions of relatively high concentration and without any templating reagents.
This synthetic strategy has been applied for the synthesis of P,N-containing macrocycles for the last 10 years and appeared to be rather effective. [13, 14] The Mannichtype condensation of primary and secondary phosphines as proton-donating reagents has been chosen as the basic reaction for the use of covalent self-assembly approach in the synthesis of P,N-containing macrocycles. Recently few examples of the new type of 16-membered P,Ncontaining macrocycles 1-4 namely 1,9-diaza-3,7,11,15-tetraphosphacyclohexadecanes [13] [14] [15] [16] and first cryptand 5 with the same core ring [13, 17] (Scheme 1) have been described. However, as it has been mentioned in the review of C.D. Swor, D.R. Tyler [18] "this route cannot yet be considered a generalized method for the synthesis of macrocyclic phosphines". In the present paper we describe the synthesis and crystal structure investigations of several new corands with 1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane core ring including macrocycles containing various functional substituents on nitrogen atoms and demonstrate the universality of this approach.
Experimental
General 1 H NMR spectra (BrukerAvance-DRX 400, 400 MHz; standard: Me 4 Si).
31 P NMR spectra (BrukerAvance-DRX 400, 162 MHz; standard: external 85 % H 3 PO 4 ). 13 C NMR spectra Scheme 1.
(BrukerAvance-DRX 400, 100 MHz; standard: Me 4 Si). ESI pos massspectra were obtained on Esquire3000 plus mass-spectrometer. FAB mass spectra were obtained on a ZAB-HSQ-VG Analytical Manchester.The melting points were determined on a Boetius apparatus and are uncorrected.
1,3-Bis(mesitylphosphino)propane [15, 19] was obtained according to the described method. All manipulations with the secondary phosphine and solutions of macrocycles were carried out by standard high-vacuum and dry-nitrogen techniques in dry degassed solvents which were purified by standard methods.
Preparations
(RSSR)-1,9-Di-(4'-methylbenzyl) -3,7,11,15-tetramesityl-1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane (6) 
31
P NMR (C 6 D 6 , 303 K) δ P ppm: -43.84 (s). -3,7,11,15-tetramesityl-1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane (9) (12) . A solution of 1,3-bis(mesitylphosphino)propane (1.22 g, 3.54 mmol) and paraformaldehyde (0.21 g, 7.0 mmol) in toluene (5 mL) was stirred at 50 °C for 1 h and a solution of 3-(aminomethyl)pyridine (0.38 g, 3.51 mmol) in toluene (25 mL) was added dropwise under stirring at 75 °C for 3 h. The reaction mixture was stirred at 75 °C for 1 day. The resulting white crystals were collected by filtration, washed with toluene and dried carefully at 0. 
X-Ray Crystallography
Data for 6, 7, 9, 10 were collected at 293(2) K on a Bruker Smart APEX II CCD diffractometer with graphite monochromated MoKα radiation (λ=0.71073 Å) and ω-scan rotation. Data collection and reduction were performed using the APEX2 and SAINT [20] software. Absorption corrections were performed using the SADABS [21] program. All the structures were solved by direct methods and refined by full-matrix least-squares methods against F 2 with the SHELX [22] software package. All non-H atoms were refined anisotropically. All H atoms were fixed at calculated positions and refined with the use of a riding model. The data for 11 were collected on a Siemens CCD diffractometer (SMART) [23] using Mo-K α radiation (λ = 0.71073 Å) and ω-scan rotation. Data reduction was performed with SAINT [24] including the program SADABS [21] for empirical absorption correction. The structure 11 was solved by direct methods (SIR-92) [25] and the refinement of all non-hydrogen atoms was performed with SHELXL-97. [22] For 11 all H atoms were located on difference Fourier maps calculated at the final stage of the structure refinement. Crystallographic data for 6, 7, 9-11 are given in Table 1 . 
Results and Discussion
It has been established that 1,3-bis(phenylphosphino) propane and 1,3-bis(mesitylphosphino)propane have a similar reactivity in the desired Mannich-type condensation. [13] [14] [15] [16] Because the last diphosphine with mesityl groups on phosphorus atoms is noticeably more stable to air oxidation and smells less repulsive we have used it as a starting compound for the developing of the self-assembly approach to the 16-membered P,N-containing macrocycles.
It had been shown previously that desired self-assembly condensation of 16-membered macrocycles required relatively basic primary amines. One of the most interesting features of aminomethylphosphine chemistry is the possibi lity to obtain a wide set of functionalized phosphine ligands on the basis of the various available primary amines. It was shown that self-assembly processes occurred with wide variety of primary amines to give crystalline 1,9-diaza-3,7,11,15-tetraphosphacyclohexadecanes 6-14 (Scheme 2) in good yields (33-72 %). The practically pure desired macrocycles 6-14 crystallized spontaneously from the reaction mixtures in the course of the condensations and were isolated by filtration. The reaction time depended on the nature of primary amines, the temperature and the used solvents. We also showed that it was better to perform the condensation in two steps. At the first step 1,3-bis(mesitylphosphino)-propane reacted with formaldehyde at elevated temperature (50-80 o C) or with 30 % formalin in ethanol at room temperature to give 1,3-bis[hydroxymethyl(mesityl)phosphino] propane. On the second step the obtained diol interacted with primary amines in DMF (as a rule) or toluene at 75-110 o C for few hours (the heating of reaction mixture overnight was the most convenient). If the initial reagents were combined all together in one reaction vessel simultaneously the reaction time was noticeably longer and the total yields of title macrocycles were ~10% less than expected.
The reactions were performed in the concentration range 0.1-0.5 M at elevated temperatures (75-110 o C) and in the absence of the templating reagents. The NMR monitoring of the reaction mixtures showed that the reactions proceeded with the formation of plenty of intermediates and the reaction mixtures were enriched by the isolated products only at the final stage, as in the case of macrocyclizations described above. [14] [15] [16] Thus, we have again met the phenomenon of the covalent self-assembly.
It should be mentioned that 2-phenylethyl-and 3-phenylpropylamines which were more basic than previously reported benzylamines gave P,N-corands 8 and 9 without formation of side-products usually expected for the condensation of highly basic amines. [14] The presence of functional groups in the starting amines namely 1,3-dioxolyl one in the case of the synthesis of corand 10 and electronwithdrawing pyridyl-containing substituents in the case of synthesis of corands 11-14 did not change the outcome reaction too. P,N-containing corands 6-14 were obtained in a pure form as air-stable white crystalline solids. In the NMR spectra of freshly dissolved compounds 6-14 only one set of signals attributed to one stereoisomer was observed. Signals of core ring protons were similar for all obtained macrocycles and resembled the picture characteristic for corands 1-4, [15, 16] including unusual high-field shifted H A signal of P-CH A -N fragment at 2.66-2.83 ppm (3.2-3.6 ppm is an ordinary value of chemical shifts of high-field signal of P-CH 2 -N cyclic fragments). The last observation could be regarded as a characteristic of a macrocycle formation. The spectral Corands with 16-Membered P,N-Containing Core data were consisted with the formation of only one RSSRstereoisomer of macrocycles 6-14. The macrocycles 6-14 contain four phosphorus asymmetric centers. The starting 1,3-bis(mesitylphosphino)propane exists as a mixture of rac-and meso-stereoisomers, and it must lead to the formation of five possible diastereoisomers. Therefore, in the course of the reaction, not only the mutual recognition of the intermediate stereoisomers takes place but also the inversion of the starting diphosphine configuration proceeds. [14] Single-crystal X-ray analysis established the structures of the RSSR stereoisomers of 6, 7, 9, 10 and 11 (Figures 1-5) .
In total the structures of the core-rings were similar to that of previously described corands 1-4. [15, 16] It should be noted that in all the crystals 6, 7, 9, 10 and 11, the molecules are in a special position of the center of inversion, i.e. 16-membered heterocycles have centrosymmetric conformation, which may be described as a "distorted crown". As a result, opposite phosphorus atoms have the different configuration, and the molecule as a whole constitutes a mesoform. Two centrosymmetric -PCH 2 NCH 2 P-fragments demonstrate twist-conformation with inequivalent methylene groups and the nitrogen lone pairs looking just into the molecular cavity. Perhaps, that unusual for ordinary heterocyclic aminomethylphosphines conformation is kept in solution and it is the reason of unusual chemical shifts of methylene protons.
Four phosphorus atoms of all macrocycles are situated in one plane and form a parallelogram with narrow P1 … P2 and P2 … P3 distances distributions (dP1 … P2 are in the range from 5.55 Å for 7 to 5.62 Å for 11 and dP2 … P3 are in the range 4.45 Å for 10 to 4.49 Å for 6, 7 and 11). However the shortest diagonal distances P1 … P3 are noticeably elongated with the increasing of the bulkiness of substituents on nitrogen atoms macrocyclic cavity and at the same time in these compounds the cavity spaces are isolated from outer space by bulky pseudoaxial substituents on nitrogen atoms situated just over and under the cavities. The structure of macrocycle 11 is very similar to that of 2 [15] and 6. The geometry of the molecule is shown in Figure 5 . In the solid state the pyridyl groups are located over and under the cavity of the macrocycle, and their nitrogen atoms are looking outward the molecular cavity and are remote from the phosphorus atoms. However in the solutions the rotation around C-N and C-C bonds of exocyclic pyridylmethyl fragments is possible and as a result the positions of phosphorus and nitrogen donor centers may become more close and favorable for the formation of N,P-chelate complexes with various transition metals.
It has been shown that soon after the dissolving the additional set of signals appeared in the 31 P NMR spectra of macrocycles 1, 4 [26] and 6-12 ( Figure 6 ). The equilibrium was established within a few days. The chemical shifts of the appearing signals (for example -44.1, -44.4 и -44.7 ppm for 6 (Figure 6b) ) were similar for all macrocyclic products. We suppose that a set of additional signals belongs to other stereoisomers of macrocyclic tetraphosphines. The remar-kable fast phosphorus epimerization was recently shown for the relevant heterocycles, namely 1-aza-3,6-diphosphacycloheptanes.
[27] However we could not exclude the processes of corresponding ring narrowing (dissociation of macrocycles into two 8-membered 1-aza-3,7-diphosphacyclooctanes). It should be mentioned that the initial signal was still predominant (Figure 6b ), demonstrating the thermodynamic preference of the starting isomer of the macrocycle. The removal of the solvent and the recrystallization led to the pure macrocycles 6-14 in very good yields.
So, the general character of the covalent selfassembly of corands with 1,9-diaza-3,7,11,15-tetraphosphacyclohexadecane core ring was demonstrated.
Conclusions
The Mannich-type condensations in three component systems: 1,3-bis(mesitylphosphino)propane-formaldehydeprimary amines containing aryl (or hetaryl) group which is separated from amino group by C 1 -C 3 alkylene spacer -proceed as the covalent self-assembly processes to give 1,9-di(aralkyl)-3,7,11,15-tetramesityl-1,9-diaza-3,7,11,15-tetraphosphacyclohexadecanes in good yields. The macrocyclization was stereoselective and led to RSSR-stereoisomers of these 16-membered P,N-containing corands. The successful synthesis of macrocycles on the basis of the wide variety of starting diamines with electrondonating and electron-withdrawing groups and various lengths of alkylene spacers indicates the general character of the covalent self-assembly of 1,9-diaza-3,7,11,15-tetraphosphacyclohexadecanes and the effectiveness of the described synthetic approach. In the solid state RSSR-stereoisomers of all studied corands have similar centrosymmetric conformations which may be described as a "distorted crown" with the different configurations of opposite phosphorus atoms so that the molecule as a whole constitute a mesoform. The substituents on nitrogen atoms are situated just over and under the cavities. In the solutions RSSR-stereoisomers of 1,9-diaza-3,7,11,15-tetraphosphacyclohexadecanes undergo the partial transformation which is most likely the stereoconversion into other stereoisomers of corresponding macrocyclic tetraphoshines, but the starting RSSR-isomers remain predominant as the most thermodynamically stable ones. 
